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Abstract. Between 1988 and 1998, annual tuna landings at
Buenaventura(ColombianPaciﬁc)arecorrelatedwiththesea
surface temperature in the central Equatorial Paciﬁc (r=0.78,
p<0.05) and the sea level height at Buenaventura (r=0.76,
p<0.05) and Balboa (Panama) (r=0.79, p<0.05). Seasonal
oceanic upwelling is forced by the Panama wind jet, which
may favour oceanic ﬁsheries such as tuna. Here we ﬁrst
apply a bivariate correlation method (Pyper and Peterman,
1994) and then a multivariate approach (principal compo-
nents analysis or PCA) to investigate the relationships of
these environmental variables with landings. With the ﬁrst
method, we ﬁnd that landing is best correlated with the sea
surface temperature in the Ni˜ no 3 region, whereas the other
relationships are less clear. In contrast, with PCA we ﬁnd
that PC1 explains 90.6% of the total variance and suggests
that sea surface temperature plays a major role in determin-
ing tuna availability in the area (especially during El Ni˜ no
events). Since PC2 is mainly correlated with sea level height
at Balboa but only represents 6.8% of the total variance, we
suggest that oceanic upwelling effects on tuna landings at
Buenaventura are not signiﬁcant at interannual scales.
1 Introduction
Colombian marine ﬁsheries capture a wide diversity of high-
value resources that are mainly destined for export (Beltr´ an
and Villaneda, 2000). Between the 1950s and the 1980s, in-
dustrial ﬁsheries grew substantially because of high yields of
coastalpenaeids. However, inthemid-1980s, prawnﬁsheries
suffered a crisis at the same time that tuna ﬁsheries increased.
Thus, tuna is currently the most economically important re-
source in Colombia (FAO, 2003).
Tuna landings at Buenaventura Port correspond to yields
obtained in the Paciﬁc Ocean and are mainly composed of
yellowﬁn tuna (Thunnus albacares) and skipjack (Katsu-
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wonus pelamis). These two species are highly migratory and
their distribution encompasses international waters as well
as the border of the economic exclusive zone. The ﬂeet
is mainly constituted by purse seiners (400 tons or higher),
which spend about 90 days ﬁshing at sea. Other important
species within the tuna yields are the big eye (Thunnus obe-
sus) and Euthynus sp., mainly found in the Colombian juris-
dictional waters and ﬁshed by smaller ships (FAO, 2003).
The El Ni˜ no Southern Oscillation (ENSO) phenomenon
is considered the main cause for inter-annual climatic vari-
ability around the globe. The economies of many countries,
mainly in tropical regions, depend on the presence of this
phenomenon (Suarez et al., 2004). The abundance of various
species of economically important ﬁsh such as tuna is highly
related to water temperature and food availability. To a cer-
tain degree, the water movement related to ENSO determines
the distribution of water temperature (Suarez et al., 2004).
The analysis of ﬁshery and environmental variables has
established that tuna distribution and abundance are closely
associated with physical changes in the ocean such as tem-
perature changes, storms (length and magnitude or inten-
sity), and ENSO, as well as with variations in the mixing
depth layer and disturbances caused by the wind (Blackburn,
1969; Ritter et al., 1982; Diaz, 1992; Lehodey et al., 1997;
Chavez et al., 1999). Tuna concentrate in high productivity
zones (such as upwelling zones, around islands, or at current
interfaces) where they are attracted by food (Joseph, 1970;
Lehodey et al., 1997), so relative densities of the ﬁsh follow
the distribution of primary production with different time de-
lays (Ritter and Guzman, 1982; Ortega, 1998). Tuna can be
found between 17oC and 31oC, although they are generally
distributed in places where the temperature is above 20◦C
without considering the presence of food (Ortega, 1998). On
a large scale, tuna distribution is determined by ocean tem-
perature (Mullen, 1992). The tuna spawn between 26◦ N and
14◦ S, andfromthelittoralto 140◦ W; 85.3%ofthespawning
occurs between 26◦C and 30◦C (Ueyanagi, 1978; Schaefer,
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For the Colombian Paciﬁc, Rodr´ ıguez and Stuardo (2002)
studied the seasonal oceanic upwelling of the Panama Bight
through the analysis of chlorophyll and wind satellite im-
agery and found that upwelling is stronger during the ﬁrst
trimester of the year, when north-eastern trade winds domi-
nate. These authors suggested that upwelling may affect tuna
availability for the ﬂeet. However, more detailed informa-
tion about this important resource in the Colombian Paciﬁc
is scarce. Consequently, the aim of this work is to study the
inﬂuence of the El Ni˜ no events on tuna availability off the
Colombian coasts between 1988 and 1998. We investigate
the relationship between landing and environmental factors
such as sea level height (SLH) and sea surface temperature
(SST) in the equatorial Paciﬁc at an interannual scale.
2 Methods
As indicators for the extreme phases of the El Ni˜ no Southern
Oscillation (ENSO) cycle, we used the multivariate ENSO
Index (MEI), which is based on six important variables ob-
served in the tropical Paciﬁc. These variables are sea level
pressure, zonal and meridional components of the surface
wind, sea surface temperature, surface air temperature, and
total cloudiness of the sky, available from the Comprehen-
sive Ocean-Atmosphere Data SET (COADS). The MEI is
calculated as the ﬁrst principal component of all six variables
and is available from NOAA (Wolter and Timlin, 1993, http:
//www.cdc.noaa.gov/people/klaus.wolter/MEI/mei.html)
2.1 Data
The data set corresponds to total tuna annual landings (tons)
at Buenaventura Port (INPA, 1999). Although some 70%
of the tuna catch comes from the Paciﬁc, most processing
plants are located on the Atlantic coast (Beltr´ an and Vil-
laneda, 2000); therefore, we accumulated landing statistics
for both the Paciﬁc and the Atlantic. Furthermore, we se-
lected environmental variables that reﬂect the El Ni˜ no cy-
cles such as the mean SLH at Buenaventura and at Balboa
and the mean SST in the Ni˜ no 3 region within the Equato-
rial Paciﬁc (the Ni˜ no 3 index) to estimate their correlation
with landings. The time series of the Ni˜ no 3 index were
obtained from NOAA (http://www.cpc.ncep.noaa.gov/data/
indices/) and SLH series from the University of Hawaii Sea
Level Centre (http://www.soest.hawaii.edu/UHSLC/).
2.2 Statistical analysis
We used two methods to assess possible relationships be-
tween tuna landings and the environment, described below.
2.2.1 Univariate correlation method (Perry and Smith,
1994)
This method consists of calculating the difference between a
relative cumulative frequency distribution (CFD) of the en-
vironmental variable (x) and a weighted relative cumulative
frequency distribution (WCDF) obtained by multiplying the
CDF by tuna landings (y). If a relationship does not exist
between the environmental variable and tuna landings, both
the CDF and the WCDF should be parallel; otherwise both
variables could be related. We used the following expression
to compute the CDF:
F(t) =
1
n
n X
i=1
I (xi) (1)
where n is the number of observations and I(xi) is an indica-
tor function deﬁned as:
I (xi) =

1, if xi ≤ t
0, otherwise

with t representing an index varying between the minimum
and the maximum of the environmental variable (i.e. the
range of the observations) at a step size appropriate for the
desired resolution. We calculated the WCDF with the fol-
lowing expression:
G(t) =
1
n
n X
i=1
yiI (xi) (2)
As a measure of the association between tuna landings and
the environmental variables (e.g. Ni˜ no 3, sea level height),
we used the maximum vertical distance max|G(t)−F(t)|
and tested its statistical signiﬁcance by bootstrapping the ob-
served differences 2000 times and deriving an empirical dis-
tribution of probability to construct a 95% conﬁdence inter-
val (Perry and Smith, 1994; P´ aramo et al., 2003). Such an
analysis was conducted using a MS-Excel macro provided by
Gabriel Claramunt, University Arturo Prat (Iquique, Chile).
2.2.2 Principal components analysis
Once the previous steps were accomplished, we proceeded
to analyze the combined effect of the environmental vari-
ables using a principal component analysis (PCA) (e.g. see
Johnson and Wichern, 1998). With this method, we tried
to describe the effects of the Ni˜ no 3 index (Z1), the SLH
at Buenaventura (Z2), and the SLH at Balboa (Z3) by a
few linear combinations of the original variables or princi-
pal components (PC). We used the correlation matrix of the
variables to ﬁnd the uncorrelated linear combinations that
maximized the variance. Thus we had the random vector
Z0=[Z1,Z2,Z3] and the correlation matrix ρ, which had the
eigenvalue-eigenvector pairs (λ1, e1), (λ2, e2), and (λ3, e3),
where λ1≥λ2≥λ3≥0. Then the ith PC was given by:
PCi = e0
iZ = ei1Z1 + ei2Z2 + ei3Z3, i = 1,2,3 (3)
Each component of the vector e0
i=[ei1,ei2,ei3] can be in-
terpreted; the magnitude of eik measures the importance of
the variable k to the ith PC independently of the other vari-
ables (Johnson and Wichern, 1998). To obtain the PCA, we
used the varimax rotation and all the data set except 1989
and 1998, when SLH data were missing for Buenaventura.
All the calculations were conducted with the Statistica 6.0
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Fig. 1. Cumulative frequency distributions F(t) of the mean sea surface temperature at El Nino 3 region in the Equatorial Paciﬁc (left)
and the sea level height at Buenaventura (right) between 1988 and 1998. G(t) is a function corresponding to each F(t) weighted by tuna
landings at Buenaventura. The difference G(t)–F(t) below each panel is used as a measurement of the association between the respective
environmental variable and landings (Perry and Smith, 1994). The statistical signiﬁcance levels, expressed by the p-values, were obtained
with a boostraping methodology.
3 Results
Bivariate correlations with the method of Perry and Smith
(1994) let us detect a high correlation (bootstrap probabil-
ity=0.09) between the Ni˜ no 3 index and tuna landings. The
other relationships (e.g. SLH at Buenaventura) were difﬁ-
cult to interpret and clear conclusions could not be drawn
(Fig. 1). The maximum difference between G(t) and F(t)
for the Ni˜ no 3-landing relationship showed that the associ-
ation between both variables occurred when the sea surface
temperature was greater than 26◦C in the central Equatorial
Paciﬁc.
On the other hand, the PCA showed a clearer picture of
the joint inﬂuence of the SLH at Buenaventura and Balboa
as well as the Ni˜ no 3 index. The ﬁrst PC explained >90%
of the total variance and all the three variables were highly
correlated with it (Fig. 2, Table 1). On the other hand, PC2
only represented 6.8% of the variance and gave more im-
portance to the SLH at Balboa. Moreover, PC2 revealed a
contrast between SLH at Balboa and the Ni˜ no 3 and the SLH
at Buenaventura, since they had opposite signs (Table 1). A
bivariate plot of the PC2 vs. the PC1 showed that landings
during the 1988–1989 La Ni˜ na and the strong 1997–1998 El
Ni˜ no (ENSO events identiﬁed with the MEI criterion) were
highly affected by these environmental variables and had dif-
ferent signs (Fig. 3). A linear regression model ﬁtted to a
scatter plot of landings vs. PC1 showed that there is a signif-
icant statistical relationship between both variables (Fig. 4,
r2=0.65, p<0.05).
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Fig.2. Explainedvarianceaccountedforbythethreeprincipalcom-
ponents extracted from annual observations of the sea level height
at Buenaventura (Colombia) and Balboa (Panama) and the Ni˜ no 3
index.
4 Discussion
ENSO events seem to be the main source of variability of
tuna landings in Buenaventura during the 1990s. If we ac-
cept the ﬁrst PC as a good index of environmental effects,
about 65% of landing variance is accounted for by a sim-
ple linear model. Thus, landings in Buenaventura tend to be
higher when PC1 decreases (i.e. high SLH at Buenaventura
and Balboa and high SST at the Ni˜ no 3 region).158 M. J. Pedraza and J. A. D´ ıaz Ochoa: Sea level height, sea surface temperature, and tuna yields
Table 1. Factor loadings and their correlations with the original variables (in parentheses) from a principal components analysis for three
environmental variables in the Tropical Paciﬁc between 1988 and 1998. Principal component analysis was based on the correlation matrix.
SLH=Sea Level Height at Buenaventura (Colombia) and Balboa (Panama). The Ni˜ no 3 Index is the mean sea surface temperature in the
Ni˜ no 3 area within the Equatorial Paciﬁc.
Environmental factor Factor 1 Factor 2 Factor 3
NI˜ NO 3 Index −0.59 (−0.97) 0.32 (0.15) 0.74 (0.21)
SLH at Balboa −0.56 (−0.93) −0.82 (−0.37) −0.09 (−0.02)
SLH at Buenaventura −0.58 (−0.96) 0.47 (0.21) −0.66 (−0.19)
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Fig. 3. Plot of the second principal component (PC2) vs. the ﬁrst
principal component (PC1) derived from annual observations of the
sea level height at Buenaventura (Colombia) and Balboa (Panama)
and the sea surface temperature at the Ni˜ no 3 region.
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Fig. 4. Regression model ﬁtted to a scatter plot of tuna landings at
Buenaventura (Colombia) vs. the ﬁrst principal component (PC1)
derived from annual observations of the sea level height at Bue-
naventura (Colombia) and Balboa (Panama) and the sea surface
temperature at the Ni˜ no 3 region.
PCA analysis also showed that the ﬁrst PC can explain al-
most all the environmental variability, but this could be due
to the inﬂuence of two strong El Ni˜ no/La Ni˜ na years that
were highly correlated with PC1. The other years seemed
to be more associated with PC2 and possibly with the in-
terannual variability of the oceanic upwelling in the Panama
Bight. The cumulative frequency method suggested a cor-
relation between Ni˜ no 3 and tuna landings, but from a sta-
tistical point of view, this relationship was not signiﬁcant at
the standard 5% level. This fact is probably a consequence
of the reduced number of points available to check the as-
sociation between the environment and tuna yields in the
Panama Bight. This observation is supported by the fact that
the p-value calculated with the boostrap method, although
not statistically signiﬁcant, was rather low (∼9%). Thus,
the present framework allows us to say that the PCA per-
formed better than the univariate correlation method of Perry
andSmith(1994) andshowed thatthismultivariate technique
is useful for detecting environmental associations even when
data availability is limited.
We used landing statistics of tuna in Colombia as a proxy
for abundance or availability of the ﬁsh in the Panama Bight.
It would probably be better to have standardized landings
by ﬁshing effort. Unfortunately, ﬁshing effort measurements
were not available from the Colombian ﬁshery agencies and,
even if they had been, it is possible that these ﬁgures would
not be accurate since the tuna ﬁshery in the eastern tropi-
cal Paciﬁc encompasses a very broad oceanic area. On the
other hand, data is available from the Interamerican Trop-
ical Tuna Commission (IATTC) about the total number of
ships equipped with purse seines in this area. These statis-
tics show that, between 1991 and 1998, the number of purse
seiners remained quite constant (average: 176; coefﬁcient
of variation: ∼9%) (IATTC ﬁde: NOAA, Southwest Re-
gional Ofﬁce, Long Beach, CA, USA: http://swr.nmfs.noaa.
gov/appendices.pdf). Therefore, landings could be a good in-
dicator of tuna abundance or availability since ﬁshing effort
has remained rather constant during the studied period.
Looking at the PC biplot, we can say that some of the
years lie at quite a distance from each other. In particular,
1997 and 1988 were very different years; 1997 corresponded
to a very strong El Ni˜ no event and 1988 to one of the eight
strongest La Ni˜ na events since 1949 (according to the MEI
index). Thus, on an interannual scale, our analyses support
thehypothesisthattunalandingsatBuenaventuraweredeter-
mined mostly by the ENSO cycle, at least during the 1990s.
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the environmental variables used here and is mainly associ-
ated with the SLH at Balboa, we suggest that on an interan-
nual scale, the upwelling in the Panama Bight plays only a
secondary role in determining tuna availability in the study
area. This conclusion agrees with observations made in ear-
lier works such as that of Forsbergh (1969, p. 140), who
found that annual variations of the yellowﬁn and skipjack
tuna abundances were not signiﬁcantly related to annual vari-
ations in the upwelling intensity in the Gulf of Panama.
However, the relationship between the ENSO cycles and
tuna yields in the Panama Bight could not be as simple as
the results presented so far seem to show. From an histori-
cal perspective, purse seine ﬁsheries started in the late 1950s
and increased quickly until the mid 1980s. But since the
1982–1983 El Ni˜ no event, tuna yields dropped substantially
and the ﬂeet moved to the western Paciﬁc. CPUE and co-
hort analyses showed that the exploited biomass of the yel-
lowﬁn tuna decreased between 1973 and 1982, but began to
increase again, reaching a maximum by 1985. Tuna landings
peaked in 1988 and have varied little since (Bayliff, 2003) It
also seems probable that the abundance of tuna in the Equa-
torial Paciﬁc obeys the long term trends of the global cli-
mate. In this context, the maximum tuna landing (1985) oc-
curred at the end of a 25-year warming period (Sharp, G.,
http://sharpgary.org/ﬁsheriesTimeline2.html). Therefore, fu-
ture research should study longer time series and investigate
the spatial variability of key environmental variables such as
sea surface temperature and food distribution in the Panama
Bight in relation to tuna distribution and its relationship with
climate on different time scales. Furthermore, since tuna is
a highly migratory resource, Colombian ﬁsheries adminis-
tration should be more involved in cooperative studies with
neighbouring countries.
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